Experiments in synthetic biology and microbiology can benefit from protein expression 13 systems with low cell-to-cell variability (noise) and expression levels precisely tunable across 14 a useful dynamic range. Despite advances in understanding the molecular biology of 15 microbial gene regulation, many experiments employ protein-expression systems exhibiting 16
Introduction 32
Experiments in microbiology commonly call for recombinant expression of a protein of 33 interest with expression levels typical of endogenous proteins (~10-10,000 34 molecules/cell) 1 . However, many experiments today utilize expression systems that are best suited for one-time induction of protein overexpression-systems that exhibit nearly all-or-36 none response to induction and, often, interference with cellular metabolic networks. For 37 example, consider one single-molecule experiment requiring the expression of two different 38 fluorescent proteins, each on the order of 100 molecules per Escherichia coli cell 2 . The 39 complicated growth protocol required optimizing media choices, inducer concentration, 40 washing steps, and induction times. Yet, in the subsequent experiment, only a small fraction 41 of cells contained a useful amount of both proteins of interest. In this case and many like it, 42 a protein expression system with low noise at low expression levels would reduce the time 43 needed to optimize sample preparation protocols and increase data throughput. A low-44 noise expression system could also improve yields in applications where protein aggregation 45 is a challenge 3 by making it easier to tune expression so most cells are producing as much 46 protein as possible without being so high as to trigger aggregation; some commonly used 47 induction systems exhibit large cell-to-cell variation even at high expression levels when 48 analyzed at the single-cell level 4 . 49
Autoregulation is a common motif in prokaryotic gene regulatory networks 5 . Steady-state 50 fluorescence experiments have shown that negative autoregulation by the tetracycline-51 inducible transcriptional repressor TetR-EGFP can reduce gene expression noise in 52 Escherichia coli 6, 7 , which was suggested to result from dosage compensation for plasmid 53 copy number 8 . A similar network was implemented in Saccharomyces cerevisiae and 54 compared to regulation of EGFP by constitutively expressed TetR; negative autoregulation 55 reduced expression noise and linearized the inducer dose-response 9 . With some caveats, 56 noise can be decomposed to the sum of factors "intrinsic" to expression of the gene of 57 interest (arising from the randomness of binding, transcription, translation, and 58 degradation) and "extrinsic" cell-wide properties (e.g. gene dosage and global transcription/translation rates) 8 . Timelapse experiments showed that negative 60 autoregulation can counter long-lived extrinsic noise 10 . Negative autoregulation has also 61 been shown to shift noise in gene expression to higher frequencies 11 (i.e. an autoregulated 62 gene can respond more quickly to fluctuations, and downstream processes that respond to 63 the integrated signal of the autoregulated gene over time can exhibit less noise). 64
In cases where autoregulation can reduce noise in the expression of a transcriptional 65 repressor, relatively little attention has been paid to whether or not this is an effective 66 strategy for reducing noise in downstream genes regulated by the same repressor. Such a 67 network was found to reduce noise in Saccharomyces cerevisiae 9 , but in Escherichia coli 68 repressor expression noise could be relatively high (e.g. from relatively small cell volume, 69 short mRNA lifetime, and high extrinsic noise), and amplified downstream in transcriptional 70 cascades 12-14 . To ensure that noise reduction in repressor expression propagates to the gene 71 of interest, one could express it in fusion with a repressor and proteolytically cleave to 72 achieve one-to-one expression 10 . Alternatively, bicistronic expression can allow for different 73 expression levels of repressor and the gene of interest while eliminating transcriptional 74 noise. Polycistronic transcription is a common motif in operons shown to reduce noise in 75 genetic networks 15, 16 and to be especially important in efficient production of heteromeric 76 protein complexes 17, 18 . 77 Autoregulatory, bicistronic expression systems have been implemented in cell-free 78 expression systems 19 and shown to partially compensate for plasmid copy number variation 79 in Escherichia coli 6 . However, gene expression noise for such systems has not been analyzed 80 experimentally and, despite the apparent potential for reducing noise in the expression of a 81 gene of interest, autoregulatory, bicistronic gene expression is not commonly used to 82 control recombinant protein expression. I will show with stochastic simulations using parameters typical for Escherichia coli gene regulation that such an expression system 84 produces a relatively linearized inducer dose-response, with noise below the "extrinsic noise 85 limit" observed for chromosomal Escherichia coli genes 1 . I will then introduce one such 86 system implemented on a plasmid and characterized its dose-response and noise level, 87
showing that ribosome binding site modification can predictably expand the available 88 dynamic range. Experimental comparison to alternative regulatory circuits confirms that 89 bicistronic autoregulation reduces gene expression noise. Finally, I propose a hybrid system 90 that reduces noise to the extrinsic noise limit while greatly expanding the available dynamic 91 range. 92
Methods

93
Stochastic simulations. Custom MATLAB (The MathWorks, Inc.) scripts were made to 94 simulate exact trajectories of the reactions in Table 1 using the Gillespie next-reaction  95 stochastic simulation algorithm 20 with unit volume. Note that with unit volume, 96 concentrations and molecule numbers are equivalent, and all reactions have units of s -1 . An 97 exact algorithm is important as many species are at low numbers. All reactions were 98 included in all simulations, and the configurations shown in Fig 1A could be realized within 99 the same framework by setting rates of some reactions to zero ( Table 1 indicates the 100 reactions included for each configuration). Table 1 lists reaction rates used. The bimolecular 101 association rate of 10 -5 s -1 is within the range of those used for typical microbial cell 102 volumes on the order of 1 µm 3 . Transcription rate k TX1 was set to 1.7x10 -3 s -1 for all 103 simulations except for when it was lowered to simulated weakened, constitutive expression 104 by lowering k TX1 to 6.5x10 -6 s -1 . Transcription rate k TX2 was also set to 1.7x10 -3 s -1 except for 105 in the hybrid repressor scheme where it was 6.7x10 -4 s -1 . Degradation rates for mRNA and protein were chosen to match typical Escherichia coli mRNA lifetimes cell growth rates, 107 respectively. Degradation of inducer-bound repressor results in liberation of one inducer 108 molecule; DNA-bound repressor is protected from degradation. The translation rate k TL was 109 set to 0.67 s -1 except when reduced to simulate weakened ribosome binding sites. 110
Simulations started with 10 unrepressed DNA copies, specified numbers of inducer 111 molecules, and no additional molecules. Inducer molecules were maintained at a constant 112 free concentration, consistent with rapid equilibration of intracellular and extracellular 113 volumes. Simulations at the limit of slow equilibration (repressor-bound inducer is never 114 replaced) gave qualitatively similar results, with a larger noise reduction for the bicistronic, 115 autoregulated system (Fig A in S1 Text) . Simulation were run for 101,000 minutes with the 116 system state stored every 1 minute. To implement extrinsic noise, an Ornstein-Uhlenbeck 117 process with parameters =200 min, c=2.5x10 -5 was generated 21 . Following previous work 22 , 118 this time series was exponentiated and scaled by its mean. The resulting value was used to 119 scale all translation rates. The first 1,000 minutes of all simulations were excluded from 120 analysis to allow simulations to reach equilibrium, which occurs after a few hundred 121 minutes (Fig B in S1 Text) . 100,000 minutes of simulation time was chosen to balance 122 computer time with acquiring continuous and reproducible noise measurements. 123 124 Plasmid engineering. A plasmid was synthesized by Genewiz (New Jersey, USA) by inserting 125 a synthetic sequence into the pUC57-Amp vector. The high-copy pUC origin of replication 126 was replaced by p15a (estimated at ~18-30 copies per cell 23,24 ). In the pZH501 plasmid, a 127 non-fluorescent protein is expressed (a fusion of the bacteriophage lambda protein CI and 128 SNAP-tag 25 ). The CI-SNAP ORF in this plasmid was replaced by GFPmut2 26 to create pZH509; 129
GFPmut2 is referred to as "GFP" throughout this manuscript. The full DNA sequence of region encoding inducible GFP expression is included in S1 Text. It includes the hybrid P LtetO-1 131 promoter (containing bacteriophage λ P L promoter overlapped by two copies of the tetO 2 132 sequence) 23 , open reading frames with independent ribosome binding sites and double stop 133 codons for GFP and tn10 TetR 27 , and the rrnB T1 transcription terminator 28 . Weakened 134 ribosome binding sites were designed using an online ribosome binding site calculator 29 to 135 generate plasmids pZH510, pZH511, pZH512 and pZH513 (Table A in S1 Text). Estimated 136 RBS strengths were calculated using the reverse engineering mode of the RBS Calculator 137 (v2.0, available at http://www.denovodna.com) using the first 839 bp of the mRNA 138 sequence transcribed from P LtetO-1 including the GFP CDS and the first 50 bp of the TetR CDS. 139
The predicted RBS strength for TetR was 867, so the number of TetR molecules per cell is 140 predicted to range from 6.7% (pZH509) to 59% (pZH511) of the number of molecules of GFP 141 (taking into account only the predicted RBS efficiencies for each CDS). Plasmid modification 142 was done using PCR and 1-or 2-fragment isothermal assembly 30 . Plasmids were 143 transformed into Escherichia coli TOP10 (Invitrogen) for fluorescence experiments. 144
Constitutive GFP expression plasmids pZH514, pZH515 and pZH516 were generated 145 from inverse PCR of templates pZH509, pZH511 and pZH512, respectively, to eliminate TetR. 146
Monocistronic, autoregulated plasmids pZH517, pZH518 and pZH519 were generated by 147 isothermal assembly of one fragment amplified by inverse PCR of pZH509, pZH511 and 148 pZH512, respectively, and another fragment containing the rrnB T1 terminator and the 149 P LtetO-1 promoter. Plasmids pZH520, pZH521 and pZH522 with constitutively expressed TetR 150 were generated following the same protocol except the inserted contained the moderate-151 strength, constitutive proB promoter 31 . Insert DNAs were synthesized by IDT (Iowa, USA). All 152 plasmids were verified by sequencing and sequences are available in S1 Text. 153 Flow cytometry (BD Accuri C6). Flow cytometry experiments utilized the BD Accuri C6 170 sampler equipped with a 24-tube robotic sampler; this device has a linear response to 171 fluorescence intensity and is regularly calibrated using standardized fluorescent beads. 172
Samples were harvested during exponential growth (OD600=0.1-0.3), diluted between 173 1:33 and 1:100 in 1 mL PBS pH 7.4 depending on culture density, and sampled using the 174 "fast" flow setting to capture 100,000 events above a forward scattering height threshold of 175 7,000. Samples were agitated between each collection time. The sum of the autofluorescent 176 background and GFP expression was taken to be proportional to peak area of the FL1 177 detector using 488-nm laser excitation and a 533/30 nm emission bandpass filter. were diluted 1:100 and grown for 2.5 hours at 0, 1, 2, 4, 8, 16, 24, 32, 40, 64, 128 and 256 202 nM ATc (the negative control, pZH501, and the constitutive expression strain pZH514 was 203 grown at 32 nM aTc). Samples were collected at a target of 2,000 events per second for 204 30,000 events (FSC gain 400, threshold 0.5; SSC gain 280; FL1 gain 650). Data was gated 205 according to the procedure above, except that a FSCA/SSCH threshold of 0.5625 rather than 206 0.25 was used to gate approximately one third of events. Noise and mean were estimated 207 directly from the integrated GFP intensity (FL1A) of events. All samples except for 0 nM ATc, 208 pZH509 were well above background so it was unnecessary to account for autofluorescence. 209 210 Microscopy. Cells growing exponentially were spotted onto M9A agarose gel pads (3% 211
SeaPlaque GTG, Lonza) also containing ATc and imaged on a Elyra PS1 microscope (Zeiss) 212 using a 100 mW, 488 nm excitation laser, 100x/1.46 a-plan apochromat oil immersion 213 objective, and Andor Ixon DU 897 EMCCD. To quantify the intensity of single GFP molecules, 214 cells were imaged continuously at 100% laser power with 17.5 ms integration times in a 215 128x128 pixel 2 area. Although most GFP molecules were rapidly diffusing in the cytoplasm, a 216 sufficient number of molecules produced diffraction limited spots that were detected and fit 217 to a Gaussian PSF using Fiji 32 with the ImageJ 33 plug-in Thunderstorm 34 (v1.3) with standard 218 parameters for wavelet (B-spline) decomposition with a 4-pixel fitting radius and a detection 219 threshold of "std(Wave.F1)*1.5". Integrated fluorescence intensities for 858 detected spots 220 were fit to a gamma distribution giving a mean spot intensity of 3,669 counts (Fig E in S1  221 Text). After verifying that in vivo fluorescence intensity was linear with respect to 222 integration time and laser intensity, this was scaled to intensities of 1,101 and 110.1 counts 223 for 35-ms images at 15% and 1.5% laser power, respectively.
Dark background was subtracted from fluorescence images and images were flattened to 225 adjust for uneven illumination following a previously reported procedure 1 . Cells were 226 manually segmented from brightfield images in Fiji 32 and the integrated fluorescence was 227 calculated from the same region in the fluorescence image before being divided by number 228 of counts per single GFP molecule to estimate the total number of molecules per cell. To 229 normalize for cell size to allow comparison with a previous measurement of extrinsic noise 1 , 230 the number of molecules per cell was divided by the cell area and then multiplied by the 231 mean cell area (area in brightfield images is approximately proportional to cell volume for 232 cylindrical Escherichia coli cells). Following the procedure for flow cytometry, data was also 233 collected for the non-fluorescent pZH501 strain, and distribution statistics were estimated 234 by fitting the convolution of the background fluorescence histogram and a log-normal 235 distribution. Error in log-normal fitting was assessed by fitting 100 equally sized data sets 236 generated by bootstrap sampling with replacement (Table B in S1 Text). 237
Results
238
Simulating inducer dose-response and gene expression noise. Four gene regulatory circuits 239 ( Fig 1A) were modeled in stochastic simulations incorporating transcription, translation, 240 repressor binding, inducer binding and mRNA/protein degradation. Reaction rates were 241 chosen to give protein and mRNA numbers and lifetimes typical for prokaryotic cells, with 242 maximal repressor expression levels similar to those reported (1,000 per cell) for typical is the same for all simulations. The dashed black line for unregulated expression without 266 extrinsic noise is the intrinsic noise limit 8 , . In the absence of extrinsic noise, all 267 regulated schemes exhibit noise above the intrinsic noise limit. However, bicistronic 268 expression is required to achieve noise levels near the limit, while an autoregulated 269 repressor that separately represses the gene of interest exhibits as much or more noise than 270 with a constitutively expressed repressor.
Extrinsic noise leads to a plateau in gene expression noise at high expression levels 10 . This 272 is evident in Fig 1C with all simulations including extrinsic noise converging on the same 273 noise value. A proteomic study in Escherichia coli found that gene expression noise 274 converges to a global extrinsic noise limit of ~0.1 1 . Again, the constitutive repressor and 275 autoregulated repressor simulations exhibit similar noise levels above the extrinsic noise 276 limit; even though autoregulation can combat extrinsic noise 10 , this noise reduction is not 277 transmitted to the downstream gene. However, implementing bicistronic expression again 278 reduces noise-this time below the extrinsic noise limit. In the limit of slowly equilibrating 279 inducer (inducer is not replenished from the environment after binding repressor), there 280 exists a U-shaped inducer response that has been observed experimentally for 281 autoregulated gene expression (Fig A in S1 Text) 7 . These simulations omit many molecular 282 details of gene regulation and cellular heterogeneity that influence gene expression noise, 283 so the principles of bicistronic autoregulated gene expression were implemented 284 experimentally to see if noise could be reduced below the extrinsic limit. plasmid with the p15a origin of replication, and it is similar in many aspects to systems 290 previously used in Escherichia coli, Saccharomyces cerevisiae, and cell-free gene 291 expression 7,9,19,23 . GFP expression during exponential growth (doubling time 63 minutes 292 grown in M9A medium at 30°C) was monitored by flow cytometry and fluorescence 293 microscopy. Here, expression was induced by anhydrotetracycline (ATc), a tetracycline 294 analog that binds TetR more tightly 35 , in order to avoid tetracycline toxicity. However, tetracycline or other weaker-binding analogs may be preferable in order to minimize the 296 effect of noise in intracellular inducer concentrations. 297
The inducer dose-response (Fig 2B) for the system was measured by flow cytometry. It is 298 similar to that observed for autoregulated TetR expression in Escherichia coli 7 , with a 299 response from ~1-100 nM ATc of almost two orders of magnitude of protein expression. 300
This response is linearized compared to that of the same promoter regulated by 301 constitutively expressed TetR 23 , where a 5-fold increase in ATc gave over a 5000-fold change 302 in protein expression. Induction and repression kinetics were also characterized by flow 303 cytometry. Equilibrium is re-established approximately 30 minutes after stepwise increases 304 in ATc concentration (0, 4, 8, 16 nM), showing this system could be useful for experiments 305 requiring dynamic transgene expression (Fig 2C) . Cultures with 16 nM ATc were washed and 306 GFP fluorescence decayed with a half-time of 64.1 min (Fig 2D) . Reduction in GFP at the 307 nearly same rate as cell growth indicates that repression is quickly re-established after ATc 308 removal. These results confirm the utility of the bicistronic autoregulatory construct for 309 precisely expressing a transgene at a desired level and rapidly changing induction levels. with predicted translation efficiencies (Table 1 in S1 Text). Three plasmids with different 327 expression levels were chosen to use to measure GFP expression noise and expression levels 328 by fluorescence microscopy: the original construct pZH509, plus pZH511 and pZH512 with 329 expression levels of 15% and 43% those of pZH509, respectively. 330
331
Reducing gene expression noise below the extrinsic noise limit. GFP expression noise in 332 pZH509, pZH511 and pZH512 was quantified by fluorescence microscopy calibrated by 333 single-molecule GFP intensities following a protocol previously applied to the Escherichia 334 coli proteome 1 . Mean GFP expression and expression noise were estimated by fitting the 335 observed fluorescent signal to the convolution of a log-normal distribution of single-cell GFP 336 expression and autofluoresence of a negative control. Comparing unrelated cells spotted 337 onto an agarose gel pad, it was immediately apparent that GFP expression noise was much 338 lower than that typical for constitutive expression from a plasmid at a range of ATc 339 concentrations for the high-expression pZH509 strain (Fig 3C, 283-7 ,990 molecules/cell). 340
Low expression noise was evident even for the lowest expression level where 341 autofluorescence significantly contributes to the total signal (Fig 3D, 55 molecules/cell).
Gene expression noise was estimated from the distributions of GFP molecules per single 343
cell, normalized by cell size (Fig 3E) . Remarkably, noise was below the previously observed 344 extrinsic noise limit for chromosomal genes of ~0.1 1 , across the expression range 345 investigated (55-7,990 molecules/cell). This is despite the fact that gene-dosage noise is 346 expected to be greater for expression from a plasmid than from the chromosome. 347
Combining mean expression level measurements from flow cytometry and microscopy 348 expression levels, a range of 55 (pZH511, 0 nM ATc) to 10,740 (pZH509, 128 nM ATc) is 349 achievable. It is outside the scope of this manuscript, but it is expected that an increase in 350 noise will be observed at high ATc concentrations; where there is effectively no 351 autoregulation, noise will increase to the extrinsic limit. It is possible to design a stronger 352 ribosome binding site than that in pZH509, but expression levels of a single gene beyond 353 ~10,000 molecules/cell could perturb behavior. It is also possible to design a weaker 354 ribosome binding site than that in pZH511, but in that case it is very important to control for 355 possible alternative, in-frame ribosome binding sites. 356
Although this experiment shows lower noise than the previous measurement of ~0.1, 357 differences between cell growth protocols and fluorescent proteins could affect measured 358 gene expression noise. To address this concern, I created plasmids with the alternative 359 regulatory constructs shown Fig 1A. Constitutive expression was observed from the strong, 360 unrepressed P LtetO-1 promoter; other constructs were observed at a range of induction 361 levels. I compared GFP induction (Fig 4A) and found that the inducer dose-response was 362 linearized in both strains with autoregulated TetR expression. Notably, the bicistronic 363 autoregulation circuit exhibited lower maximal expression than other strains (Fig F in S1  364 Text), possibly indicating lower stability or a lower translation initiation rate for the 365 polycistronic mRNA. Noise for the bicistronic autoregulation circuit was lower than that of the circuit in which GFP and TetR are transcribed separately, and below the extrinsic noise 367 limit for strong, constitutive expression ( Fig 4B) . Unexpectedly, noise in the circuit with 368 constitutively expressed TetR was very high at intermediate ATc concentrations, reflecting a 369 bimodal distribution in GFP expression (Fig F in S1 Text) . This deviation from the simulated 370 results (Fig 1) possibly results from slow kinetics of ATc/TetR and TetR/DNA association as 371 well as not accounting for cooperativity in the simplified network that was simulated. 372
Discussion
373
The bicistronic, autoregulatory expression system can be easily adopted to many 374 experiments and implemented in other organisms; replacing GFP with a gene of interest 375 using modern polymerases requires two PCR reactions and one isothermal assembly step 376 requiring a few hours and having nearly 100% efficiency. It is trivial to construct orthogonal 377 systems using alternative transcriptional repressors for expressing multiple genes. Care 378 must be taken to calibrate expression levels in all experiments: one cannot simply replace 379 GFP in one of these plasmids with a gene of interest and assume similar expression rates, 380 because translation efficiency of both the gene of interest and TetR is dependent upon 381 sequences near the ribosome binding sites. However, these concerns apply to all 382 recombinant gene expression systems. 383
The largest noise reduction relative to unregulated expression ( Fig 1C) where bimodal expression at intermediate ATc concentrations can lead to a peak in gene 388 expression noise 7,9 . It is striking that one of the most common methods for inducing a targeted level of recombinant gene expression-induction by inhibition of a constitutively 390 expressed transcriptional repressor-utilizes a motif proven to increase gene expression 391 noise. Despite the potential for an underlying bimodal gene-expression distribution, 392 countless experiments using this induction method employ population averaged assays to 393 measure protein expression levels that are then applied to cellular-scale models. 394
Autoregulated, bicistronic expression avoids this problem. Here, I implement this bicistronic, 395 autoregulation approach in Eschericia coli, where polycistronic expression is common. In 396 principle, it can also be implemented in other organisms using internal ribosome entry sites 397 (IRES) or by inserting small, self-cleaving amino acid sequences between the induced gene 398 and the transcriptional repressor 36 . 399 I have shown that negative autoregulation is valuable for linearizing the inducer dose-400 response and reducing gene expression noise. However, this comes at the expense of 401 dramatically reduced dynamic range (compare over 5,000-fold for the P LtetO-1 promoter 402 repressed by constitutively expressed TetR 23 to approximately 50-fold for pZH509, with 403 similar results in the simulations in Fig 2B) . In Fig 4C and Fig 4D I suggest a hybrid gene 404 expression system in which a repressor is transcribed both constitutively and from a 405 bicistronic, autoregulated promoter along with the gene of interest. The behavior of the 406 system is expected to transition from that of the bicistronic, autoregulated system (with an 407 infinitely weak constitutive promoter) to that of a system with a constitutively expressed 408 repressor (with a relatively strong constitutive promoter). Simulations with the addition of a 409 constitutive promoter that has a transcription rate 40% that of the bicistronic promoter 410 show that this system recovers much of the lost dynamic range while still exhibiting reduced 411 noise at or below the extrinsic noise limit. Engineering such an expression system will 412 benefit from the development of promoters insulated from surrounding sequences 31 so that the transcription rate from the constitutive promoter is minimally affected by either 414 transcription from the inducible promoter or the upstream sequence. Such an expression 415 system would be valuable in experiments requiring both low gene expression noise and a 416 wide range of expression levels. 417 for his insightful comments on the manuscript. 496
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Data Availability
497
Raw microscopy and flow cytometry data (BD Accuri C6), MATLAB simulation code, and 498 explanatory text files sufficient for reproducing the results in this paper are available at 499 Zenodo (DOI: 10.5281/zenodo.569808). Additional flow cytometry data (BioRad S3e) is 500 available at Zenodo (DOI: 10.5281/zenodo.944156). An annotated DNA sequence for the 501 bicistronic, negative feedback construct is included in S1 Text. 502
